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This document describes the search for the Higgs boson in the channels H — WW®) — [tul'~ 5
(I = e,u) at D@ with data taken between April 2002 and September 2003 corresponding to an
integrated luminosity up to £ =& 147 — 177pb~! depending on the final state. The number of
events observed is consistent with expectations from standard model backgrounds. Limits from the
combination of the ee, ey, and pp channels on the production cross section times branching ratio

o x BR(H — WW®) are presented.
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I. INTRODUCTION

This note describes the search of the Higgs boson in the channels H — WW®) — etve o, H - WW®) — eFppuFu
and H — WW®) — ptupu~5. The final states of these processes are characterized by two isolated leptons (e or u)
with high transverse momentum pr and a significant missing transverse energy originating from the undetected
neutrinos. For further phenomenological discussions the reader is referred to [1]. It is assumed that the reader is
familiar with the D@ detector [2].

Not all aspects of the analysis are discussed in detail. A description of data and Monte Carlo (MC) samples together
with trigger luminosity and selection issues are presented in two separate notes. A detailed discussion of efficiencies and
data and Monte Carlo comparisons can be found in [3] for the H — WW®) — etve~ v and H — WW ™) — etopuFy
channels whereas the H — WW®) — y+vu~p channel is presented in-depth in [4].

Section IT of this note describes the various data and MC samples used. Section III of this note gives an overview of
the event selection in the three different channels and shows some distributions of data and Monte Carlo comparisons.
Section IV provides a presentation of the limits on the cross section times branching ratio o x BR(H — WW) for
the combination of all three channels.

II. DATA AND MONTE CARLO SAMPLES

This analysis uses data collected by the D@ experiment between April 2002 and September 2003. The total
integrated luminosity of the sample is in the range of £ ~ 147 — 177 pb~! depending on the final state. All simulated
events are generated using PYTHIA 6.202 [5] and ALPGEN [6] using the CTEQ4L parton distribution function [7].
They are processed through a full detector simulation with an overlaid Poisson-distributed average of 0.8 minimum
bias events. The events simulated with ALPGEN have been used for systematic studies only. The NLO cross sections
for the processes H — WW®) — [Tvl'"1 are calculated using HDECAY [8] and HIGLU [9] with CTEQ5M parton
distribution function and a top quark mass of m; = 175 GeV. Table I gives an overview of all Monte Carlo samples
with their cross sections and references used in comparisons with data. The contribution from QCD events was
estimated from data.

III. EVENT SELECTION
A. ce-Selection

Events for the ee final state are selected by a combination of different single and dielectron triggers. At level 1
the triggers require one or two electromagnetic trigger towers above a certain pp threshold. Typical values are 10
GeV for single electron and 5 GeV for dielectron triggers. The pr requirement on level 3 depends on the additional
requirements of the trigger under consideration. Triggers with additional shower shape or track requirements have

TABLE I: Monte Carlo samples cross sections times branching ratio and their references used in comparisons with data. The
cross sections are only given for a single lepton flavor. For decays with one electron and one muon in the final state, the cross
section times branching ratio must be multiplied by a factor of two.

Process o X BR [pb] Reference
1 H—WW® S 1Tul'"5 (Mg = 100 GeV) 0.00012 [8],[9]
2 H—-WW® S 1Tul'"5 (Mg = 120GeV) 0.00095 8],09]
3 H—-WW® S 1M~ 5 (Mg = 140 GeV) 0.00219 [81,]9]
4 H—WW® S 1T ul'"5 (Mg = 160 GeV) 0.00269 [81,19]
5 H—-WW® = 1Tul'"5 (Mg = 180 GeV) 0.00189 8],[9]
6 H—WW® S 1T ul'"5 (Mg = 200GeV) 0.00104 8],[9]
7 Z =1l (l=eu,71) 260 [10]
8 WW — Ful'Fo (1,1 = e, ) 0.145 [11]
10 tt — bIFvbl'To (1,1 = e, p) 0.065 [12]
11 W(—=1) (I=e,pn) 2800 [10]
12 WZ(— W) (1,1 =e,pn) 0.013 [11]
13 T(1s) — ee 1900 [5]

14 T(2s) — ee 1450 [5]




TABLE II: Summary of signal selection cuts for the ee, eu, and pp channel.

ee ep it
cut 1 pe > 12GeV, pi? > 8GeV ps > 12GeV, ph. > 8 GeV phl > 20GeV, i’ > 10 GeV
opposite charge, N5MT > 2 opposite charge, NSMT > 2 opposite charge, NSMT > 2
My > 20 GeV
cut 2 Br > 20GeV Br > 20GeV Fr > 30GeV
and Br > 0.75 - pit' +10GeV
cut 3 12GeV < Mee < 80GeV mP™ > 20 GeV |mu, — Mz| > 15 GeV
cut 4 P 4+ pF + Br > 100 GeV pT + v + Br > 90 GeV Ao < 2.0
cut 5 Apee < 1.5 Apey < 2.0 No jet

or (B¢ < 60GeV
and Ef? < 30 GeV)

cut 6 Broe? > 15/GeV Erc*? > 15/GeV
cut 7 No jet No jet
or Ef¢ < 90 GeV or B4 < 90 GeV

or B4 < 50GeV and Ef°? < 30GeV| or Ef¢ < 50GeV and Ef? < 30 GeV

low pr thresholds at 12 GeV whereas the threshold without any additional requirement is at 30 GeV. The integrated
luminosity for a combination of all triggers corresponds to 177 £ 12pb~1.

The electrons must pass shower shape and likelihood criteria. The likelihood criterion includes a track match
for all electrons and uses an E/p requirement for electrons in the central region. The leading electron should have
pr > 12GeV, the second electron pr > 8 GeV. The electrons should come from the same vertex and should have
opposite charge. To reject electrons from conversions, the trailing electron should have at least three hits in the
silicon tracker detector. Events that passed the preselection (cut 1) are then required to have a missing transverse
energy of B > 20GeV (cut 2). To reject contributions from resonance decays the invariant dielectron mass should
be 12GeV < me. < 80GeV (cut 3). The sum of the electron momenta and the missing transverse energy is
expected to be small for Drell-Yan decays and W + jet events. Requiring p3' + p7? + Er > 100 GeV rejects most
of these events (cut 4). Remaining Z boson and multi-jet events can be rejected with a cut on the opening angle
A¢ee, since most of the background decays are back-to-back. This is not the case for Higgs boson decays because
of the spin correlations in the decay. The cut is applied at A¢ge. < 1.5 (cut 5). Remaining events from Z boson
decays are characterized by a small opening angle between the electrons and large missing transverse energy. The
small opening angle arises from a large boost of the Z boson caused by one or more jets. A mismeasurement of
these jets is a likely source for the missing transverse energy in the event. The events can be tested if the missing
transverse energy is generated by a mismeasurement of the jet. The scaled missing transverse energy is defined as

preected = N T(A¢(‘ T Requiring £7°“*** > 15/GeV is expected to remove those events (cut 6).
et Sin © ey | cos jet, b

Contributions from ## events can be reduced with a jet veto criterion. If one jet is found in the event, the Er of the
jet has to be less than 90 GeV. For events with two or more jets the leading jet must have EJ¢!! < 50 GeV, the second
leading jet E/¢*2 < 30 GeV (cut 7). Table II summarizes all selection criteria for the ee final state.

In Table III the predictions from the Monte Carlo are compared with the events observed in the data after every
step of the selection. After the final selection two events remain in the data while 2.7 4+ 0.4 events are expected
from backgrounds. The expected number of events for a standard model Higgs boson of mass My = 160 GeV is
0.073 + 0.002 events. The signal efficiencies depend strongly on the Higgs boson mass and are between (2.3 +0.2)%
(Mg =100 GeV) and (15.5+£0.4)% (Mg = 160 GeV). The efficiencies after the final selection are shown for all Higgs
boson masses in Table IV. Figure 1 shows the distribution of the opening angle between the leptons A¢ after cut 1
(left) and all cuts 1-7 (right) and invariant mass after cut 1-2 (bottom).

B. eu-Selection

Events are selected using different electron muon triggers. Like in the ee channel, the pr thresholds of the electron
triggers depend on the requirements on the electron quality. The pr thresholds for the trigger towers at level 1
range between 3 and 6 GeV. At level 3, the electron must have py greater than 10 or 12 GeV (depending on the
trigger-list), with an additional shower shape criterion the threshold is lowered to 7 GeV. The muon trigger requires
one tight scintillator muon object at level 1. The luminosity of the combination of these triggers is found to be
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FIG. 1: Distribution of the opening angle between the leptons A¢ for the ee channel after cut 1 (left) and cut 1-7 (right) and
invariant mass after cut 1-2 (bottom). The Monte Carlo is normalized to the integrated luminosity in the data.

L =158+ 10pb~1.

The event selection is similar to that in the ee channel. The electrons have to satisfy the same identification criteria
and the track of the electron must have at least three hits in the silicon tracker. The electron pr is required to be in
excess of 12 GeV. The muon must pass 'medium’ muon criteria and should have a track in the tracker. The muon
quality criterion is defined by a combination of hits in the wire chambers and scintillators of the muon system. A
muon is called “medium” if it has at least two hits in the A layer wire chambers, at least one hit in the A layer
scintillator, at least two hits in the BC layer wire chambers and at least one hit in the BC scintillator (except for
central muons with less than four BC wire hits). Track isolation ( ﬁﬁigs pr < 2.5GeV) and calorimeter isolation
criteria (E(AR < 0.4) — E(AR < 0.1) < 2.5GeV) are applied. A scintillator timing cut in the A and BC layer is
used to reject muons from cosmic radiation. The pr of the muon is required to be greater than 8 GeV (cut 1).

To enhance signal with respect to background a cut on the missing transverse energy is applied. The criterion is B >
20 GeV (cut 2). Instead of the invariant mass cut, a cut on the minimal transverse mass \/2 - Br - pr - (1 — cos(A¢))
is applied. Requiring min(m$., mf.) > 20GeV (cut 3) rejects a large fraction of the Z/y* — 777~ decays. The sum
of the lepton transverse momenta and the missing transverse energy must be greater than 90 GeV (cut 4). Using
again the spin correlations in the Higgs boson decay, a cut on the opening angle between the two leptons is applied at




TABLE III: Cut flow table for the ee channel. The quoted errors are statistical only.

tt — beTvbe U WZ—ete” +X T —ete” W + jets WW — etve o
cut 1 3.05 £ 0.05 1.48 £ 0.03 280.1 £ 6.2 18.3 £ 0.3 6.84 + 0.06
cut 2 2.89 £+ 0.05 1.33 £ 0.03 11.2 £ 1.3 16.6 £ 0.2 5.82 £ 0.05
cut 3 1.31 £ 0.03 0.14 £ 0.01 24 £05 13.3 £0.2 3.19 £ 0.04
cut 4 0.84 £ 0.03 0.10 £ 0.01 0.0 £ 0.01 32+0.1 2.03 £ 0.03
cut 5 0.51 £ 0.02 0.05 £ 0.01 0.0 £ 0.01 1.43 £ 0.07 1.20 £ 0.02
cut 6 0.36 £ 0.02 0.05 £ 0.01 0.0 £ 0.01 1.33 £ 0.07 1.19 £ 0.02
cut 7 0.06 £ 0.01 0.04 £ 0.01 0.0 £ 0.01 1.24 £ 0.07 1.17 £ 0.02
Z/y* —T1rr Z/y* — ete” QCD Total Sum DATA
cut 1 133.6 = 4.4 15895 + 47 972 £ 31 17311 £ 57 17274
cut 2 36.3 £ 2.3 488 + 8 386 600 £ 11 602
cut 3 35.6 £ 2.3 93.0 £ 3.6 26.0 £ 5.1 175.0 £ 6.7 188
cut 4 2.9 £ 0.6 147 £ 1.5 4.0 &£ 2.0 27.8 £ 2.6 23
cut 5 0.6 £ 0.3 4.3 £ 0.8 1.0+ 1.0 91+ 1.3 8
cut 6 0.0 £0.3 0.3 £0.1 0.0£1.0 3.2+1.0 3
cut 7 0.0 £ 0.1 0.1 +0.1 0.0 £ 0.5 2.7+04 2

TABLE IV: Signal efficiencies with statistical error after all cuts for the ee, eu, and pp channel for different Higgs boson masses
My .

My [GeV]| 100 120 140 160 180 200

ee 0.023 £ 0.002 0.077 £ 0.003 0.104 £ 0.003 0.155 £ 0.004 0.151 £ 0.004 0.118 £ 0.003
e 0.014 £ 0.001 0.059 £ 0.002 0.094 £+ 0.003 0.131 £ 0.004 0.137 £ 0.004 0.130 £ 0.004
o 0.045 £ 0.002 0.110 £ 0.003 0.150 4 0.004 0.216 £ 0.005 0.179 £ 0.005 0.151 + 0.004

A¢ey < 2.0 (cut 5). To remove remaining Z/v* — 7177, t¢ and multi-jet events, similar cuts on the scaled missing

transverse energy ETscalEd > 15/ GeV (cut 6) and on jets (cut 7) are applied. A summary of all selection criteria can
be found in Table II.

Table V gives an overview on the number of expected and observed events for every step of the selection. The
expectations from standard model backgrounds is in good agreement with the data. At the end of the selection, two
events remain in the data, the Monte Carlo predicts 3.1+ 0.3 events. The expected contribution for a standard model
Higgs boson of mass My = 160 GeV is 0.111£0.004 events. Signal efficiencies range from (1.4 +0.1)% (Mg = 100
GeV) to (13.7£0.4)% (Mg = 180 GeV) depending on the Higgs boson mass. Efficiencies after the final selection for
all Higgs boson masses are presented in Table IV. In Fig. 2 the opening angle between the leptons is shown at the
beginning of the selection (left) and after application of cuts 1-7 (right).

C. pp-Selection

Events that pass the uu selection should be triggered by one of four dimuon triggers that have muon requirements
at the trigger level 1 and 2. Two triggers have additional track requirements at the trigger level 3. The luminosity of
this sample is £ = 147 & 10pb~'. All events should have at least two muons tracks of ‘loose’ quality and should be
matched to their corresponding tracks in the central tracking system. A “loose” muon is defined as a medium muon
(cf. Section IIIB) but allowing one of the medium muon tests to fail, with the A layer wire chamber and scintillator
requirement treated as one test and requiring always at least one scintillator hit. The leading muon should have
a transverse momentum p%l > 20GeV, the second muon should have a transverse momentum p? > 10GeV. In

addition both muons must fulfil the tracking isolation criteria, i.e. Zﬁfj?5 pr < 4.0GeV (sum of the pr of tracks
in a cone AR < 0.5 around the muon except the muon track). To reject cosmics a cut on the scintillator times in the
A and BC layer of the muon system is made. To assure good quality of the muons the tracks should have at least
three hits in the SMT detector and should have a distance of closest approach with respect to the nominal vertex of
less than 0.15cm. If these tracks have opposite charge and have an invariant dimuon mass m,, > 20 GeV they fulfil
the preselection (cut 1). The second cut requires the missing transverse energy Fr in the event to be greater than

30 GeV. To avoid overestimation of Fr by the leading muon track the following is required: Fr > 0.75- p%l +10GeV.



TABLE V: Cut flow table for the eu channel. The quoted errors are statistical only.

tt — betvbuTo WZ —efuT + X W + jets WW — etvpTo Z/y* — 1t
cut 1 3.98 £+ 0.08 0.34 + 0.01 7.2 + 0.1 10.28 4+ 0.09 168.5 4+ 4.7
cut 2 3.61 + 0.07 0.28 £ 0.01 5.0 £ 0.1 7.79 + 0.08 275+ 1.8
cut 3 2.86 4+ 0.06 0.23 + 0.01 4.2 £ 0.1 6.96 + 0.08 2.4+ 0.5
cut 4 2.80 £+ 0.06 0.21 £ 0.01 1.41 + 0.06 5.85 + 0.07 1.3 +04
cut 5 1.55 £ 0.05 0.13 + 0.01 0.94 £+ 0.05 3.31 + 0.05 0.6 £0.3
cut 6 0.64 + 0.03 0.11 + 0.01 0.35 4+ 0.02 2.52 £ 0.05 0.3 £0.2
cut 7 0.13 £ 0.01 0.11 £ 0.01 0.34 + 0.02 2.51 + 0.05 0.0 £ 0.1
Z/y* — ptu QCD Total Sum DATA
cut 1 5.2+ 0.8 252+ 24 220.8 £ 5.3 218
cut 2 1.9+ 0.5 42 +£1.0 50.2 £ 2.1 54
cut 3 0.5+0.2 2.3 +£0.7 194 £ 1.0 21
cut 4 0.2 £0.1 1.6 £ 0.6 13.4 £ 0.8 12
cut 5 0.05 4+ 0.05 0.9 £ 0.5 7.5+ 0.6 6
cut 6 0.0 &£ 0.05 0.0 £0.2 3.9 £0.3 4
cut 7 0.0 4+ 0.05 0.0 £0.2 3.1+0.3 2
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FIG. 2: Distribution of the opening angle between the leptons A¢ for the ey channel after cut 1 (left) and cut 1-7 (right). The
Monte Carlo is normalized to the integrated luminosity in the data.

Both latter cuts denote cut 2. To reject events from the Z resonance the invariant dimuon mass must in the range
|mu, — Mz| > 15GeV (cut 3). Since the spins from the two decaying Ws originating from the Higgs boson decay
are correlated, the opening angle between the two muons tends to be smaller as compared to events from background
sources. The opening angle of the two muons must therefor have A¢,,,, < 2.0 (cut 4). To reject remaining events from
tt and multi-jet production events are required to have zero jets or the leading jet must have EJ¢! < 60GeV and
the second jet must have E{¢*? < 30 GeV (cut 5). Table VI summarizes the cut flow described above and shows a
reasonable agreement between data and Monte Carlo throughout all cuts. After applying all cuts 5 events remain in
data whereas 5.3 + 0.6 events are expected from background Monte Carlo and 0.085 + 0.001 events are expected from
a standard model H — WW®) — utvpu~o decay with a Higgs boson mass of My = 160 GeV. The signal efficiency
after all cuts ranges from 4.5 + 0.2% for My = 100 GeV to a maximum of 21.6 &+ 0.5% for My = 160 GeV. Figure 3
shows the distribution of the invariant dimuon mass (top left), missing transverse energy Er (top right) for data and
Monte Carlo after cut 1. The muon opening A¢,,, is plotted after cut 1 (bottom left) and after all cuts 1-5 (bottom
right).

Table II shows a summary of all signal selection cuts for the three different channels, whereas Table IV shows the



TABLE VI: Cut flow table for the puu channel. The quoted errors are statistical only.

Z/y* — utum  QCD/W +jets  Z/y* w17~ WW —putvp vt —butvby v Total Sum  DATA

cut 1 8426 4+ 27 5.4+0.6 57.7+ 2.2 4.64 £+ 0.05 3.15+0.03 8497 + 27 8509
cut 2 97.8 £2.8 1.1£0.2 0.5+0.2 1.98 + 0.03 1.72 £ 0.02 103.1 £ 2.8 98
cut 3 38.8+ 1.7 1.0+0.2 0.5+0.2 1.65 £+ 0.03 1.34 +£0.02 43.3+ 1.7 53
cut 4 128 £1.0 0.24+0.1 0.1£0.1 1.33 £0.03 0.88 £ 0.01 15.3+14 10
cut 5 3.9+0.6 0.02 £ 0.02 0+0 1.28 +£0.03 0.03 £ 0.003 5.3£0.6 5
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FIG. 3: Distributions for the pu channel of the dimuon invariant mass m,, (top left), missing transverse energy K (top right)
after cut 1. The distribution of the azimuthal opening angle A¢,, after cut 1 (bottom left) and all cuts 1-5 (bottom right).

The Higgs boson contribution is plotted for My = 160 GeV. The Monte Carlo is normalized to the integrated luminosity in
the data.

signal efficiencies for the three different channels after all cuts for six different Higgs boson masses.

IV. LIMITS ON THE CROSS SECTION H — WW®

The limit calculation was done following the method described in [13]. This method calculates the cross section
limits at 95% C.L. with the integrated luminosity, number of background events, signal acceptance and number of
events in data with corresponding errors as inputs. The uncertainty on the background was determined from the
statistical and systematic error added in quadrature. The uncertainty on the luminosity is 6.5%. Table VII sums up
the individual upper limits on the cross section times branching ratio for the three different decay channels for six
different Higgs boson masses My. The different values of the upper limits for the three different channels especially
for the two lowest mass points are a consequence of the different background contributions.

A combination of all three channels has been performed by multiplying the individual likelihood functions of all
three channels resulting into a combined likelihood function. This is done separately for all six different masses. The
cross-channel correlation given by the luminosity uncertainty and common object ID’s in the different channels is



TABLE VII: Upper limits on the cross section times branching ratio for o x BR(H — WW) from the ee, eu, pp final state
and the combination of all three channels for different Higgs boson masses Mg .

My [GeV] | 100 120 140 160 180 200
ce: limit o x BR(H — WW) [pb] 102.2 20.7 21.8 148 15.2 19.2
ep: limit o x BR(H — WW) [pb] 90.0 21.0 13.1 9.6 9.2 9.6
ppe: limit o x BR(H — WW) [pb] 86.4 35.2 25.8 17.9 21.6 25.7
all: limit o x BR(H — WW) [pb] 40.1 12.0 8.2 5.7 5.8 6.6
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FIG. 4: Excluded cross section times branching ratio ¢ x BR(H — WW(*)) at 95% C.L. together with expectations from
standard model Higgs boson production and alternative models. The LEP limit on the standard model Higgs boson production
is taken from [14], the 4th generation model is presented in [15], and the topcolor model is presented in [1].

determined to be small. Table VII shows the result of the combination. Figure 4 shows the calculated cross section
limits for ¢ x BR(H — WW ) for the different Higgs boson masses compared with predictions from the standard
model and alternative models. The corresponding numbers are listed in Table VII.



V. CONCLUSIONS

A search for the process H — WW®) — ITul'~5 (1 = e, p) in £ ~ 147 — 177 pb~" of data recorded with the D@
experiment between April 2002 and September 2003 has been performed. After all cuts two events remain in data
in both the ee and the ey channel, while five events remain in the pu channel, consistent with the standard model
background expectations. Cross section limits for the combination of all channels have been calculated.
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